As pacemaker electrode myocardial contact area is reduced, the energy required to stimulate the heart decreases; but the effect of surface area on an electrode's ability to transmit R-wave potentials has not been well documented. Endocardial and intramyocardial R-wave potentials were measured in ten dogs with seven commercially available pacemaker electrodes of different surface area. With a load impedance of 1000 ohms, there was a direct correlation between surface area and the R-wave potentials measured. The WHEN USED with ventricular programmed (ventricular inhibited or triggered) pacemakers, cardiac pacemaker leads serve two equally critical functions. They transmit an electrical stimulus from the power source (pacemaker) to the heart in order to initiate muscle contraction, and they transmit ventricular depolarization impulses from the heart to the pacemaker. Research, to date, has been primarily directed toward designing an electrode which uses minimal energy to pace the heart in order to prolong pacemaker cell life, thereby reducing the need for frequent reoperations. Many factors have been shown to influence the efficiency of the electrode for myocardial stimulation. These include electrode material, configuration, and surface area; stimulus polarity; lead impedance; polarization; site of stimulation; drug administration; and acid-base balance.'"8 Of these factors, surface area and configuration are probably the most important in determining energy conservation." 3' 7' 8 It has been shown by several investigators that the smaller the surface area of an electrode, the lower will be the energy requirements for threshold stimulation.3 7 8 In addition, to reduce point charge buildup and polarization, a sphere (ball tip) appears to be more effective than a cylinder of similar area. Theoretically, the current density of the sphere may be twice that of the cylindrical electrode of identical surface area. 1 3, 7, 8
SUMMARY As pacemaker electrode myocardial contact area is reduced, the energy required to stimulate the heart decreases; but the effect of surface area on an electrode's ability to transmit R-wave potentials has not been well documented. Endocardial and intramyocardial R-wave potentials were measured in ten dogs with seven commercially available pacemaker electrodes of different surface area. With a load impedance of 1000 ohms, there was a direct correlation between surface area and the R-wave potentials measured. The WHEN USED with ventricular programmed (ventricular inhibited or triggered) pacemakers, cardiac pacemaker leads serve two equally critical functions. They transmit an electrical stimulus from the power source (pacemaker) to the heart in order to initiate muscle contraction, and they transmit ventricular depolarization impulses from the heart to the pacemaker. Research, to date, has been primarily directed toward designing an electrode which uses minimal energy to pace the heart in order to prolong pacemaker cell life, thereby reducing the need for frequent reoperations. Many factors have been shown to influence the efficiency of the electrode for myocardial stimulation. These include electrode material, configuration, and surface area; stimulus polarity; lead impedance; polarization; site of stimulation; drug administration; and acid-base balance.'"8 Of these factors, surface area and configuration are probably the most important in determining energy conservation." 3' 7' 8 It has been shown by several investigators that the smaller the surface area of an electrode, the lower will be the energy requirements for threshold stimulation. 3 7 8 In addition, to reduce point charge buildup and polarization, a sphere (ball tip) appears to be more effective than a cylinder of similar area. Theoretically, the current density of the sphere may be twice that of the cylindrical electrode of identical surface area. 1 3, 7, 8 Based on these experimental findings, several pacemaker manufacturers have introduced small surface area, high current density electrodes (E.S.B. Medcor 4 mm2 bullet tip, Cordis 8 mm2 ball tip and the Medtronic 13 mm2 cylinder). These electrodes are being increasingly used in clinical pacemakers because of their potential for energy conservation. However, little work has been done on the effects these variations in surface area and configuration have on the ability of the electrodes to detect R-wave potentials.9 10 amplitude of the R-wave that resulted from conduction from the heart to the sensor via the electrode system decreased with decreasing surface area. A similar direct correlation was seen between the R-wave potentials measured and the threshold current and energy requirements. With the present trend toward utilization of small surface area electrodes to reduce pacemaker cell drain, care must be taken to optimize pacemaker circuit impedance if sensing problems are to be avoided.
Although sensing is unimportant in the fixed rate pacemaker, it is equally as important as low stimulation threshold in ventricular triggered or inhibited pacemakers. Failure to sense results in the pacemaker reverting to a fixed rate mode and competitive pacing when the patient is in normal sinus rhythm."' 12 Sensing problems, like exit block (pacemaker failure due to high stimulation threshold), often occur weeks or months after the electrode has been implanted. Recent reports indicate a failure rate as high as 15%.Y' 11 Therefore, we were led to investigate the influence of the present trend toward small surface area, high current density electrodes on the ability of a pacemaker to detect R-wave potentials.
Materials and Methods
Ten mongrel dogs weighing 15 to 20 kg were anesthetized with sodium pentobarbital (30 mg/kg), intubated and placed in lateral recumbancy on a thermostatically controlled warming blanket. Positive pressure ventilation was maintained throughout the procedure with appropriate adjustments being made in respiratory rate, tidal volume, and oxygen flow in order to maintain a pH of 7.40 ± 0.05, a PO2 of 100 ± 20 mm Hg, a PCO2 of 40 ± 4 mm Hg and a base excess of ± 2. A right lateral thoracotomy was used to expose the heart and a 10 cm2 stainless steel ground plate was inserted subcutaneously. Seven commercially available pacemaker leads with the following surface areas were used: Medford differential current density (DCD), 0.5 mm2; Cordis ball tip, 8 mm2; Cordis 2 mm, 18 mm2; Cordis 4 mm, 32 mm2; Biotronik IE 60, 28 mm2; Medtronic 5816, 95 mm2; and Medtronic 5818, 56 mm2. The surface area of the DCD electrode was calculated on the basis of the pore size at the end of the electrode. This is the portion of the electrode that is in contact with the myocardium, even though the metal surface area within the electrode tip is larger (100 mm2).' Calculations for the area of the ball tip lead have been described previously7 and the areas of the remaining electrodes were calculated by using the formula 27rrh + 7rr2, where r is the radius and h is the length of the electrode. Each electrode was individually placed, either endocardially in the right ventricle through the azygous vein or intramyocardially in the left ventricle. All leads were repositioned several times to assure maximum R-wave potential measurements. R-wave potentials were measured in a unipolar mode for each electrode with a Tektronic 7504 oscilloscope connected in parallel with a 1000 ohm resistive load. The order of lead study was randomized and at the end of each trial all leads were re-evaluated to assure stability of the preparation. Each R-wave potential was measured from the base line to the peak of the largest signal in the QRS complex. The resultant R-wave was reported as an absolute number regardless of the polarity.
In addition, heart block was produced following measurement of the R-wave potential in these animals,"8 and intramyocardial threshold voltage and current determinations were made for the DCD, ball tip, Biotronik IE60, and Medtronic 5818 electrodes. These values were used to compare with those obtained from previous studies as an additional check on the stability of the experiment.8' 7 Conditions and techniques of threshold measurements were the same as previously described.8 4, 8 The results were compared using Student's t-test, paired ttest, linear regression and correlation coefficients. A P value of 0.05 or less was considered to be significant.
Results
A summary of the results is given in table 1. The Medtronic 5816, the largest electrode, transmitted better R-wave potentials than any of the other leads. These values were significantly greater than the DCD (P < 0.001), ball tip (P < 0.001), Cordis 2 mm (P < 0.01), and Cordis 4 mm (P < 0.01), both endocardially and intramyocardially.
The Medtronic 5818, the second largest electrode, transmitted the second largest R-wave potentials. These values were significantly greater than those transmitted with the DCD (P < 0.001), ball tip (P < 0.001), and Cordis 2 mm (P < 0.04), both endocardially and intramyocardially and the Cordis 4 mm (P < 0.05) endocardially.
With the Cordis 4 mm electrode, significantly lower (P < 0.02) R-wave potentials were transmitted with endocardial than with intramyocardial placement. Intramyocardially, this electrode transmitted significantly larger R-wave potentials than the DCD (P < 0.001), ball tip (P < 0.001), and Cordis 2 mm (P < 0.03). Endocardially, however, it only transmitted significantly greater R-waves than the DCD (P < 0.001) and ball tip (P < 0.002).
The Biotronik IE60 transmitted significantly larger R-wave potentials than the DCD (P < 0.001) and ball tip (P < 0.02), both endocardially and intramyocardially. None of the other leads studied transmitted significantly larger potentials than those measured with the Biotronik.
The Cordis 2 mm electrode transmitted significantly better R-wave potentials than either the ball tip (P < 0.01) or DCD (P < 0.001) electrodes, both intramyocardially and endocardially. There was no significant difference between the Cordis 2 mm and 4 mm electrodes endocardially; however, intramyocardially the 4 mm electrode transmitted significantly (P < 0.03) greater R-wave potentials. Intramyocardially, all previously discussed electrodes transmitted larger R-wave potentials than those transmitted with the Cordis 2 mm. Endocardially, the Biotronik IE60, and both large surface area Medtronic leads, transmitted significantly larger R-waves.
Only the DCD electrode transmitted R-wave potentials significantly smaller (P < 0.04) than with the ball tip electrode, both intramyocardially and endocardially. All other electrodes transmitted better than the DCD (P < 0.001) and the ball tip (P < 0.02) both intramyocardially and endocardially. The intramyocardial DCD electrode transmitted significantly larger (P < 0.05) R-wave potentials than the same electrode placed endocardially.
There was a strong linear correlation between the R-wave potentials measured and the surface areas of both the intramyocardial (r = 0.86) and endocardial (r = 0.85) electrodes (figs. I and 2). In addition, a similar degree of correlation was found between threshold current and energy requirements at 1 msec and the R-wave potentials (figs. 3 and 4).
However, a correlation was not seen between the stimulation threshold voltage requirements and the R-wave potentials measured.
Discussion
This study shows that the ability to detect R-wave potentials in low impedance systems, like the ability to pace at low thresholds, is related to the surface area of the cardiac electrode. As the surface area of the electrode is reduced, the ability of that electrode to sense R-wave potentials is also reduced. This factor is not a consideration in fixed rate units where continuous pacing is desired. However, in ventricular programmed units (ventricular inhibited and ventricular triggered) small R-wave potentials can result in competitive pacing, and thus the ability to sense approaches equality of importance with the ability to pace.9-'6
Electrode surface area has been reduced in order to achieve threshold current density in the myocardium with the lowest possible energy utilization and thus conserve pacemaker battery life. However with small surface area electrodes, pacemaker circuit impedance becomes a major determinant of the amplitude of the R-wave signal recorded. The ability to sense R-waves is impaired because of the increased electrode-tissue interface impedance with the small electrodes. The ability to sense may be further reduced with cardiac electrodes of the bipolar type due to the small interelectrode space (distance between cathode and anode) and the small size of the anode. Further decrements in the ability to sense ventricular activity may be expected with chronic electrode implantation. Fibrous tissue growth around the electrode has been shown to increase energy requirements for threshold stimulation." "I The fibrous tissue acts as an insulator and effectively increases the surface area of the lead by its thickness: that is, instead of the surface area for stimulation being calculated on the basis of the radius of the electrode alone, the new radius must include the thickness of the fibrous tissue.", 16 For sensing, however, the distance between the antenna and the myocardium is increased by a poorly conductive tissue, thereby further increasing the impedance of the electrode-tissue interface.
The present study documents the necessity to specifically design pacemakers for use with high current density electrodes. As the pacing circuit and sensing circuit impedances are in parallel, the combination of the two must be within an optimal range to assure that the potential problems documented in this study are minimized. The definition of optimal impedance is complicated by several factors. From our own studies and those of Admundson,'7 there is good evidence that the polarization/electrode tissue interface impedance is frequency sensitive (especially with small surface area electrodes), and that impedance increases as frequency is reduced. Moderate loading (low sensing circuit impedance) of small surface area electrodes serves to filter out unwanted low frequency phenomena such as P waves, T waves, and after potentials in a manner similar to the bandpass amplifiers commonly used in demand pacemakers. The R-wave to unwanted background signal ratio is thereby improved. Furthermore, EMI considerations suggest the use of moderate pacemaker impedance levels. In any signal sensing system, unshielded low impedance circuitry is known to be less sensitive to radiated interference phenomena than high impedance circuitry. However, with sensing circuit impedances in the 1000 ohm range, the detrimental effects of small surface area electrodes on R-wave potentials are severe. A moderate impedance level of 5000 ohms would result in a tolerable reduction in R-wave potential while preserving a significant degree of insensitivity to electromagnetic interference and unwanted biological potentials. Although the current trend is toward high pacemaker circuit impedance (20,000 ohm or greater), low impedance R-wave attenuation may still develop. In epoxy potted units, the gradual absorption of moisture may lead to the development of low resistance pathways which can decrease the internal impedance into the range reported in this study. The past recalls of 22,310 pacemakers by General Electric, Cordis, Biotronik and Vitatron have established that "a variety of problems, including the presence of moisture in combination with other factors, affected the pacemakers' performance.'118 In addition, the recent recall of 2,377 partially hermetically sealed pacemakers by Medtronic was due in part to a moisture absorption problem.19 20 Even in hermetically sealed pacemakers, wetting of the output connector could lead to the development of low resistance pathways between the connector and the ground. When these units are disconnected and the R-wave potential from the lead is measured using a high impedance oscilloscope (1 X 106 ohm), the potentials remain high and the sensing failure appears to lie in the pacemaker. Yet when the unit is returned to the manufacturer for examination, it may have dried out sufficiently to return toward its original high impedance state and test out as functioning within the design specifications. A low impedance shunt would be most critical with a small surface area electrode. This may account, in part, for the higher incidence of sensing problems reported since the introduction of these leads. ' tial reaching the sensing circuit of the pacemaker would lose over 80% of its amplitude with a small surface area electrode but less than 25% with a large surface area electrode. At present, at least one pacemaker manufacturer does not recommend the use of a small surface area, high current density electrode with their demand pacemakers because of the frequency of sensing problems encountered.2' In a clinical study at this center, we have seen a two to threefold increase in the incidence of sensing problems since the use of a small surface area, high current density electrode was begun. Another finding worthy of comment is the disparity between endocardial and intramyocardial R-wave potentials detected with the Cordis 4 mm lead. Endocardial positioning was not a problem, since all electrodes could be seen and felt in the right ventricular apex. It would appear that the effective surface area for endocardial sensing is the same for both the Cordis 2 mm and 4 mm electrodes. Both electrodes have the same diameter and the 4 mm is only larger by virtue of its length. When this long, thin electrode is positioned in the right ventricle, it is probable that only the tip firmly contacts the myocardium and detects R-wave signals. The additional length of the 4 mm electrode does not contact the endocardium but is free in the ventricular cavity. By merely increasing the length of an electrode, its ability to sense is not necessarily increased. However, its ability to stimulate will be negatively affected as a portion of the stimulus energy will be dissipated into the blood, increasing pacing energy requirements. The Biotronik IE60 has a smaller surface area than the Cordis 4 mm but detects higher endocardial R-wave potentials due to its larger radius (contact area) and possibly other unknown geometric considerations. These geometric considerations are exemplified by contrasting the Medtronic 5816 and 5818 electrodes with the Cordis 2 mm and 4 mm electrodes. The larger surface area of the 5816 electrode was achieved by increasing both the diameter and the length. This increased diameter assures a larger contact area with the myocardium if the electrode is properly positioned and higher R-wave potential measurements. Without attention to geometric configurations, an increase in surface area cannot be expected to always increase the detection of R-wave A \~D FIGURE 5. Diagram ofan electrode tipfor an optimal sensing and pacing pacemaker lead. The lead wire (A )from the pacemaker sensing circuit is connected to a large surface area sensing electrode (B). The lead wire (F) from the pacing circuit is connected to the small surface area pacing electrode (C). The anode for both leads would be a common indifferent electrode. The pacing and sensing electrodes are not connected but are insulatedfrom each other by a nonconductive material (D and E) such as silicone rubber.
potentials. This problem, however, is only critical with endocardial electrodes since intramyocardial electrodes are completely surrounded by conductive tissue.
How can reliable sensing be assured? One possible solution is a greater reliance on intramyocardial electrodes which are less affected by configuration, as demonstrated by the progressive incremental increase in R-wave potentials as the surface area is increased compared to the irregular progression with endocardial positioning. An additional benefit of intramyocardial electrode placement would be the achievement of lower pacing energy requirements.4' 8 Another possible solution is the use of an electrode of moderate surface area (25-35 mm2) such as the Biotronik IE60. This, however, would result in higher threshold energy requirements and thereby decrease the life of the conventional pacemaker cell. At least one manufacturer has recommended increasing pacemaker circuitry impedance above current practice.22 This may help to alleviate problems with their unit, but it is not the safest solution, since in- Bio.
BT CD creased impedance will increase the pacemaker's sensitivity to unwanted electrical activity. Two solutions which we recommend maximize the advantages of small surface area electrodes. The first is to use a moderate (3040 mm2) area electrode for both pacing and sensing in conjunction with an adequate R-wave amplifier gain, moderate impedance level, hermetically sealed pacemaker. Even if a low resistance pathway should develop between the output connector and the ground, R-wave transmission losses would be within acceptable limits. The second is to use a tripolar configuration. A small surface area cardiac electrode (5-15 mm2) would be used for cathodal pacing with the ground or indifferent anodal electrode at the pacemaker site as in the current unipolar systems. A second cardiac electrode with a large surface area (75-150 mm2) would be located near the tip of the lead, as in bipolar systems, but would be used only for sensing, again with the common ground plate at the pacer as the indifferent electrode (figs. 5 and 6). The sensing and pacing functions would be separated in the pacer, with the low impedance sensing circuit guiding the pacing function. The advantage of the first solution is the decreased mechanical complexity. The advantage of the second solution is that it allows the impedance to be reduced to a level where the effects of EMI are minimized, without concern for energy loss from the pacing to the sensing circuit and without concern for low impedance shunts developing at the output connector.
